INTRODUCTION
The principles and uses of optical techniques for the generation and detection of ultrasound have been discussed extensively in the literature. Several excellent reviews of the progress in the field oflaser ultrasonics are available [1] [2] [3] . Laser ultrasonic techniques have several advantages over other inspection methods, making them an attractive option for select applications. Unfortunately, poor sensitivity and high cost of laser ultrasonic systems are currently limiting industrial application. In general, implementation is limited to situations where laser inspection methods present the only available solution, or the few cases that prove cost effective. The goal of the current work is to increase the sensitivity of optical generation and detection systems. The work focuses on the laser/materials interaction that occurs during the generation of ultrasonic waves, and considers a number of methods by which laser ultrasonic systems can achieve greater sensitivity through control of the laser generation source.
The acoustic signal generated by a laser source depends on the thermal, optical, and elastic properties of the specimen, and on the characteristics of the laser source. For a given materials system, the laser pulse parameters can be chosen such that the signal-to-noise ratio (SNR) of the detection system is maximized. There are four laser pulse parameters to consider: temporal profile, spatial profile, energy, and wavelength. Of these, of the energy used for generation of acoustic waves will be considered in this paper and acoustic wave generation in the ablative regime analyzed.
LASER GENERATION OF UL1RASOUND IN THE ABLATIVE REGIME
Laser generation of acoustic waves in the thermoelastic regime has been well characterized [4] [5] [6] [7] . In the low irradiance regime, before vaporization takes place, the amplitude of laser generated acoustic waves shows a linear increase with pulse energy [8] . The laser generation process is somewhat less well characterized in the ablative regime.
Experimentally, it is well known that there is a large enhancement in the amplitude of the longitudinal wave generated in the ablative regime. Qualitative models have been presented which indicate that the shape of the ablative wavefonn can be understood as being a superposition of a thennoelastic (point expansion) source and a force acting nonnal to the surface [8, 9] . The physical origin of the nonnal force is the momentum transfer from the evaporating species. Although the shape of the displacements predicted in the literature agrees well with experiment, indicating that the assumed forcing functions are correct, the amplitude and shape of the nonnal forcing function is deduced qualitatively without solution of the laser vaporization problem.
A more quantitative analysis of the generation of acoustic waves in the ablative regime was recently presented [10] . Many of the important issues concerning laser vaporization were addressed. Still, assumptions made considering, for example, the distribution of forces exerted within the laser spot, indicate the need for further study in this area. Unfortunately, there are few comparisons of experimental and theoretical displacements and the agreement between experiment and theory presented is only moderate.
An understanding of laser generation of acoustic waves in the ablative regime is important for several reasons. Generating in the thennoelastic regime, it is often important to use as much laser energy as possible while remaining below the vaporization threshold. Thus it is desirable to be able to predict the laser irradiance at which a detectable amount of vaporization takes place. Next, there are many ultrasonic inspection applications in which a smaIl amount of surface damage can be tolerated. In these cases, it is important to have a good understanding of the vaporization process to take advantage of the large acoustic wave enhancement possible in the ablative regime. This may allow for the generation of high amplitude acoustic signals, while staying below some specified damage tolerance level. If the relationship between acoustic signals produced in the ablative regime and surface damage incurred is well characterized, then the acoustic signature can be used simultaneously for process monitoring I inspection and surface damage monitoring. It also allows for the possibility of using acoustic signals for direct monitoring of the laser/material interaction region to track vaporization, surface temperature, etc.
A schematic view of the laser ablation process is given in Figure 1 . The surface is first heated to the melting point, at which time the melt front begins to propagate into the material. Continued heating brings the material to the vaporization point Adjacent to the surface is a thin layer (on the order of a few molecular mean free paths) known as a Knudsen layer, where the vapor is not in translational equilibrium. Across this layer, there are discontinuities in temperature, pressure, and density. Beyond the Knudsen layer is a region of expanding vapor. In this analysis it is assumed that vaporization takes place in vacuum. In this case, the gas dynamic processes outside of the Knudsen layer need not be considered and the vapor expands freely into vacuum. Continued heating well beyond the vaporization point wiIllead to vapor breakdown and absorption of the incoming laser light through photo-ionization and inverse bremsstrahlung processes. The heating induced by a Q-switched laser can be described by the heat equation with a source term to include light absorption:
where p is the mass density, C is the heat capacity, K is the thermal conductivity, I is the incident laser power density, R is the reflectivity, and a. is the absorption coefficient. The subscript i is 1 for the solid phase and 2 for the liquid The temperature dependence of the thermal and optical properties of the material is shown. One dimensional heating is assumed This approximation, neglecting radial heat flow from the illuminated region, holds reasonably well as long as the laser spot size is sufficiently large in comparison to the characteristic heat flow distance or thermal diffusion length in the material on the time scale of interest The thermal diffusion length is given by: (2) where K is the thermal diffusivity and t is the time scale over which heating will be calculated. In the present case, the time scale may be taken as the laser pulse length. The thermal diffusion length in aluminum (K = 1.12 cm2/sec) heated with a Q-switched laser pulse (t = 15ns) is found to be equal to 2.59!J.Ill. Therefore the one dimensional model can be expected to hold reasonably well as long as the incident laser spot size is sufficiently greater than 2.59 ~m.
Considering the heating of a plate in vacuum, Equation (l) is augmented by the condition that no heat flows across either bounding surface. This is given as:
where L is the plate thickness. The boundary condition between the solid and liquid phases (at the melt front) is included as: (4) where K. is the thennal conductivity of the solid at temperature T I at the interface, ~ is the thennal conductivity of the liquid at temperature T 2, L\ is the latent heat of melting and ds/dt is the interface velocity.
When the surface temperature exceeds the equilibrium vaporization temperature at a given pressure, ablation begins. In this model, the ablation mechanism is treated simply as thennal evaporation from a hot surface. Assuming a Maxwellian velocity distribution for the vapor particles, the vaporization front velocity is given by [11]: where V I is the molar volume, p(T) is the equilibrium vapor pressure at the surface temperature T" M is the molar mass, and R is the universal gas constant. The equilibrium vapor pressure may be found from consideration of the Claussius-Clapeyron equation as follows: (6) where T1v is the equilibrium vaporization temperature at ambient pressure Po. and Lv is the latent heat of vaporization. The boundary condition to be evaluated at the liquid-vapor interface is given as: (7) The vapor near the vapor-solid interface is not in translational equilibrium. This is achieved within a few mean free paths by collisions between particles in a Knudsen layer region. The Knudsen layer is analyzed by treating this region as a gas dynamic discontinuity across which conservation of mass, momentum, and energy are applied [12, 13] . This process has previously been modeled for the vacuum case [12] , as well as for cases when the surface is surrounded by air at various pressures [13] . For the present analysis, in order to calculate the pressure applied to the sample surface, it is only necessary to know the pressure jump across the Knudsen layer under vacuum conditions. This has been found to be [12,13]: p vapor = 0.206 PSlt (8) where Psal is the saturated vapor pressure. The pressure exerted on the surface can now be found by consideration of the momentum-flux through the Knudsen layer as follows [14] : 2 P s urface = P vapor (l + yM v ) (9) where y is the ratio of specific heats in the vapor and Mv is the flow Mach number outside of the Knudsen layer. For the case of a monatomic gas evaporating into vacuum we have y = 5/3 and Mv = 1. Combining Eqs. (8) and (9) under these conditions, the relation between the saturated vapor pressure and the pressure exerted on the specimen surface is:
The pressure exerted on the surface due to vaporization in vacuum was calculated using an implicit fmite difference technique. The temperature dependencies of the thennal conductivity and heat capacity were accounted for. The force exerted on the specimen was found by integrating the pressure proftIe over the illuminated region. This forcing function was then used to calculate the acoustic waves generated through surface vaporization. The displacement caused by thennoelastic expansion was calculated with a model fonowing that of Spicer [5] . The final wavefonn was taken as the superposition of the surface displacement caused by thennoelastic expansion and vaporization processes.
EXPERIMENTAL AND THEORETICAL RESULTS
Experiments were perfonned in a vacuum chamber in order to verify the working of the model. A sketch of the experimental setup is given in Figure 2 . The surface displacement in aluminum was detected using a Michelson interferometer. Experimental results agree reasonably wen with theoretical predictions up until irradiance levels of about 350 MW/cm 2 • Above this irradiance, the model predicted significantly larger displacements than were observed experimentally. It is believed that this is the point at which processes in the vapor become important and absorption in the vapor reaches significant levels. theory and experiment at 300MW Icm 2 is given in Figure 3 . The shape of the waveforms as well as the temporal extent of the first longitudinal arrivals show good agreement. This provides evidence that the core vaporization model is working adequately.
CONCLUSIONS
The generation of ultrasound by a pulsed laser source has been modeled in the weakly ablative regime. Results and experiment agree reasonably well for irradiance levels below about 350 MW/cm 2 • Above this irradiance, processes in the plasma dominate and the model presented predicts displacements significandy larger than are observed experimentally observed. Processes occurring in the vapor will be incorporated into future models.
